Abstract. An analysis of the general energy level structure of the singly ionised Al is made. It is found that in the UV spectrum of Al II there are many intensive lines starting from levels which can be populated selectively via charge transfer collisions with either helium or neon ions. The emission spectrum of aluminium in the 200-400 nm spectral range is measured in a cylindrical Al hollow cathode at discharge conditions typical for laser oscillation. An enhancement of the spontaneous emission intensity on a number of Al II lines in the UV spectral range in Ne compared to He discharges is observed. The Al atom density in the cathode for different values of current density and voltage are calculated.
Introduction
Hollow cathode glow discharges have been widely used as an excitation medium for a large number of metal vapour laser lines with wavelengths extending from the near infrared to the deep UV spectral range. Nowadays the hollow cathode metal vapour lasers are the only continuously oscillating direct laser source in the deep UV. Up to now laser oscillation in the spectral range bellow 300 nm is achieved on ion lines of only three metals: copper, gold and silver [1] . Cathode sputtering is used to produce the required metal atom density in the hollow cathode discharge.
In the spectrum of singly ionised Al there are more than 200 lines in the UV spectral range -from 200 nm to 400 nm. The ion spectrum in the vacuum UV range is also reach of intensive Al + lines [2] . Many of these lines originating from levels which can be populated selectively via charge transfer collisions with either helium or neon ions. Some of these levels are known to be the upper levels of already obtained Al ion laser transitions, excited in a hollow cathode discharge [3, 4] .
To find whether the hollow cathode discharge used in the Al ion laser can be used as an active medium in the deep UV, we have investigated the emission spectrum of Al hollow cathode discharge at conditions typical for laser oscillation. The relative emission intensities of aluminium ion lines in the 200-400 nm spectral range are measured and compared for He and Ne as buffer gases.
The aluminium atom density in the hollow cathode discharge is produced by self-sputtering of the cathode. Aluminium compared to Cu, Au and Ag, sputters poorly, so it is important to find discharge conditions at which sufficient Al density (>10 13 atoms/cm 3 ) could be created by sputtering. We have calculated the Al atom density in the cathode for different values of current density and voltage and discussed the possibility to obtain laser gain on a number of Al ion lines in the UV spectral range.
Analysis of the UV spectrum of singly ionised Al
An analysis of the general energy level structure of the singly ionised Al shows that a large number of high lying levels of Al + should be populated selectively through charge transfer collisions with He ions. In Ne it is believed [3, 4] that the already obtained laser oscillation on Al ion transitions is a result of direct charge-transfer between Al atoms and ground state Ne ions, demonstrating the overpopulation of certain Al + levels by collisions with Ne + . In Figure 1 partial energy diagrams of singly ionised Al are shown [2] , regarding the levels population with He + (Figure 1 -a) and with Ne + (Figure 1-b) . The already obtained laser lines in Ne-Al hollow cathode discharge are also indicated. 
Experimental

Discharge tube design
The measurements are performed using a specially designed discharge hollow cathode tube ( Figure 1 ). The cathode is a cylinder made of high purity aluminium with 4 mm inner diameter and 28 cm length. Along the cathode length a 2 mm slit is cut. The cathode is inserted in a quartz tube with a slit above the cathode slit; hence the discharge can burn only inside the aluminium cylinder. The anode is a tungsten rod, 2 mm in diameter, placed at 3 mm distance parallel to the cathode slit. The two electrodes are mounted in a glass tube, connected to a vacuum pump.
The discharge is excited by 3 ms sinusoidal current pulses with 12.5 Hz pulse repetition rate and current amplitude up to 8 A, a value limited by discharge instabilities. The discharge voltage, depending on the type of the buffer gas, its pressure and the discharge current varies from 200 V to 
Results
The discharge is excited in Ne, He or a mixture of He with 5% Ar (to promote sputtering) at buffer gas pressure from 0.2 to 1.0 kPa which is typical for laser oscillation [2, 3] . In only He as a buffer gas it is found hard to excite the aluminium ion lines in the UV range. By adding a small amount of Ar in the He the intensity of the UV emission spectrum increases but it is much weaker compared to the spectrum in Ne buffer gas. At our experimental conditions only few very weak emission lines are found in He-Ar mixture as a buffer gas in the spectral range from 200 nm to 400 nm. In Ne we have registered several Al ion lines and enhancement is achieved on only 3 lines: 247.5 nm, 263.2 nm and 358.7nm. (b) Figure 3 . Recorded spectra in He&Ar (upper spectrum) and in Ne (lower spectrum) buffer gas. 
Calculations
To sustain laser oscillation a metal atom density higher than 10 13 atoms/cm 3 is needed. The sputtering yield of Al is worse than that of Cu, Ag and Au, but as it is demonstrated in [3, 4] , it is possible to produce sufficient for laser oscillation aluminium atom density by sputtering in hollow cathode discharge. To evaluate the average active particle densities responsible for the formation of population inversion and lasing on aluminium ion lines in the Ne-Al and He-Al discharges, we have used the discharge model of Warner et al. [5] .
Model
This simple analytical model explains many of the operating characteristics of sputtered metal-ion charge-transfer excited hollow cathode lasers and has been applied earlier for evaluating the average particle densities as well as the radial dependence of particle densities in slotted and in cylindrical copper hollow cathodes [5] [6] [7] .
The main simplifications and approximations, described in details elsewhere [5] [6] [7] , are the following. The negative glow region inside the cathode is nearly field-free and the voltage drop is nearly equal to the discharge voltage. The plasma is homogeneous in the whole cathode cavity and there is a little or no variation of discharge parameters along the optical axis. Only the three major species in the discharge are considered: Al, Al + and buffer gas (He + or Ne + ) ions. The buffer gas atoms are ionised mainly by beam electrons. The aluminium ions are created primarily by a charge transfer process between metal atoms and buffer gas ions. The metal atoms are produced by sputtering of the cathode: The sputtering is caused by both buffer gas ions and metal ions. The metal atoms, metal ions and buffer gas ions densities in the discharge are coupled by the charge transfer reaction. The dominant loss mechanism of particles in the discharge is the ambipolar diffusion. All other processes and species in the discharge are neglected under our experimental conditions.
The current density J at the cathode surface is given by
, where e is the elementary charge,
is the electron flow density leaving the cathode surface as a result of secondary electron emission due to ion impact (γ i is an efficient secondary electron emission coefficient), and Γ i are the ion flow densities reaching the cathode due to radial diffusion of particles.
The total current density reaching the cathode surface is:
(1)
N i is the spatially averaged particle density, D i is the average diffusion coefficient for the corresponding particle type and H is a factor, determined by the boundary conditions and approximately H = (2.405/r) 2 for a cylinder with a radius r. The spatial distributions of Al atoms (i=1), Al ions (i=2) and buffer gas ions (i=3) are determined by the diffusion equation for the corresponding particle density N i . In a steady state and if the axial diffusion is neglected,
where P i is a source term, which includes various mechanisms of particle generation and losses.
The following mechanisms of generation and losses of metal atoms and ions in the discharge are considered. Metal atoms are generated by sputtering of the cathode by the remaining in the cathode metal ions and buffer gas ions, and are annihilated by charge transfer collisions with rare gas ions:
(3) with 2 and 3 being the sputtering coefficients of Al and buffer gas ions, respectively, and K ct the charge transfer rate constant.
The metal ions are produced mainly by charge transfer collisions and their loss is due only to ambipolar diffusion :
(4) Combining Eqs. (1)- (4), three quadratic equations for the spatially averaged particle densities in the discharge as a function of current density are obtained.
Results
To find the current dependencies of the particle densities, information about the voltage-current characteristics and the values of the parameters K ct , i , A i , i , D i , T g and T e , approximated for the investigated discharge conditions, are needed.
The values of the parameters in Eqs. (2) (3) (4) (5) , shown in Table 1 , are determined for the investigated neon and helium pressures and the measured voltage-current characteristics. As we could not find information for A i of Al, as well as for the T e and T g , we have used data for He-Cu and Ne-Cu hollow cathode discharge at similar discharge conditions. All calculations are made for two different values for the charge transfer rate constants as calculated in [8] . T e 716 + 3516 * J [16] In Figure 4 the calculated dependence of Al atoms, ions and He and Ne ions on discharge current density are shown at 270 Pa gas pressure. The solid lines are for the first set of charge transfer rate constants (45.63 * 10 -10 in He and 8.17 x 10 -10 in Ne) and the dotted lines are for the second set (21.01*10 -10 in He and 11.54*10 -10 in Ne) [8] . As it is seen in the figure, the influence of the charge transfer rate constants is small for Al atoms and there is practically no change for the He and Ne ions.
The Al atom density increases with current and is comparable in He and Ne discharge, presumably because the Al atoms are produced primarily by sputtering with Al ions. At low current the Al ion density grows with current, but then it saturates, probably due to the low density of gas ions (~10 12 cm -3
). At the comparatively low gas pressure, typical for the Al-Ne laser [3, 4] , nearly all gas ions are converted to atoms as a result of the charge exchange collisions with Al atoms and the further increase of metal atom density does not contribute to raising of Al ion density. The density of Al ions in He discharge is nearly 2 orders of magnitude lower than that in Ne, which is in agreement with the observed UV spectrum in He and Ne discharges.
The results from calculations for higher gas pressure -600 Pa, show that although the density of metal atoms decreases, due to the higher gas ion density, the Al ion density grows by almost one order of magnitude.
Conclusion
At the investigated discharge conditions in the conventional hollow cathode discharge it is hard to excite the UV spectrum of singly ionised Al in He as buffer gas. In Ne discharge an enhancement of the intensity of several Al ion lines in the 200-300 nm spectral range is observed, demonstrating selective population of certain levels, excited by charge-transfer collisions with Ne ions. We suppose that if discharge conditions for more efficient excitation of these transitions are created, it is possible to obtain laser gain in the deep UV spectral range on Al ion lines. The calculation results show that Al atom density, comparable to that in He-Cu hollow cathode discharge [5] is obtained. As the ion density in the conventional hollow cathode discharge saturates with current, we suggest that more favourable conditions for excitation will be realised in the highvoltage variants of the hollow cathode discharge [17] [18] [19] . 
